Since its discovery in 1990,1 the wet thermal native oxide of the compound semiconductor AIGaAs has become an important material for optoelectronic and electronic devices.2 These stable oxides have a low refractive index, good insulating properties, and are easily incorporated into heterostructures.
AIGa& oxides have previously been used in waveguiding applications for cladding layer index reduction,3 lateral confinement for buried strip waveguides,4 or to introduce birefringence into a mostly semiconductor core.5 In a recent study of the Al dependence of the refractive index in wet thermal native oxides of AIZGal.XAs (x=O.3 to 0.97),6 we observed suitable index variations (e.g., & 2 0.06 for x=O.4 to 0.8) to enable waveguiding by total internal reflection within native oxide heterostructures.
In this letter, we demonstrate native oxide single-and doubleheterostructure planar waveguides fabricated by fully oxidizing appropriate AlGaAs semiconductor heterostructures. By internally guiding light completely within oxide films, substantially larger interaction lengths allow the characterization of important absorption and scattering loss mechanisms not previously measurable via thin film transmission techniques.
Understanding and minimizing such optical losses is particularly important for all applications in which the light directly passes through oxidized regions, as in birefringent waveguides,5 buried microlenses7 and photonic lattices.8 We present here prism coupling characterization with fiber-probe loss measurements, secondary ion mass spectrometry (SIMS) depth profiles, and Fourier transform infrared (FTIR) transmission spectra on a multimode single heterostructure (two-layer) waveguide. In addition, near field images are shown which demonstrate waveguiding in a single-mode double heterostructure (three-layer) oxidized waveguide.
Metal-organic chemical vapor deposition (MOCVD) is used to grow two AlGaAs heterostructures on semiinsulating GaAs substrates: (1) a single heterostructure (SH) a)Electronic mail: yluo@nd.edu blElec~onic mtil: dhdl@nd.edu consisting of 1 pm of A108G~,zAs followed by 1.4 pm of AIO.4GZWAS; and (2) a double heterostructure (DH) with 1 pm Of Al~,*G~,*As, 0.4 pm Of A]MGao~AS, and 0.6 pm Of A10~G%,2As. Both structures have 500~GaAs cap layers, and all layers are not intentionally doped. In each structure, the waveguide core is in the A&,lG~,GAs layer which maintains a higher Ga content and refractive index relative to the AIO,~GN.zAscladding layers after oxidation. 6 The GaAs cap layer is removed in a 4:1 citric acid:30'% HZ02 selective etch, and the heterostmctures are thermally oxidized from the surface in water vapor as previously described6 at 493 "C for 262 min (SH), and 492 "C for 98 min (DH). The SH forms a multimode asymmetric waveguide where an upper cladding layer was omitted to allow prism coupling characterization of the indices and thicknesses of both layers. A prism coupling mode profile in Fig. 1 shows dips in the intensity of light reflected from the prism surface contacting the sample when the varying prism angle allows coupling into modes of the oxide films.9 Two modes with effective index /YkOexceeding the cladding layer index (marked by the vertical dashed line in Fig. 1 ) are guided by total internal reflection within the oxidized AIO,qGN,GAS upper layer. Narrow dips are characteristic of guided modes, with broadening caused by propagation loss. The measured refractive index and thickness of both layers (determined from the relative mode positions) are shown in the inset of Fig. 1 . Index values are very close to those measured on single layer films.6 Figure 2 shows SIMS depth profiles for Al, Ga, O, As and H on the oxide SH of Fig. 1 . Constituent concentrations are relative due to uncalibrated ion yield efficiencies. The H profile is shifted down one decade for clarity. The layer thicknesses and interface locations are approximate due to matrix-dependent sputtering rates and ion knock-in effects, and thus the actual interface abruptness cannot be deduced from Fig. 2 . The profiles do demonstrate oxide uniformity and relative Al and Ga concentrations which are preserved in the two distinct AIXGal.IAs heterostmcture regions, with no obvious layer interdiffusion during the oxidation process. The mode pattern in Fig. 1 does not contain the mode depth anomalies seen in initial studies. 10 We attribute this to a more uniform distribution of As than observed previously, 10 perhaps due to improved process control. A more uniform H distribution than shown in Ref.
[10] may be due to a more complete moisture saturation of the hydroscopic films6 at the time of SIMS measurement.
The presence of H may also indicate the existence of a hydroxide phase. greater loss due to absorption at 1.55 than 1.3 pm. This can be attributed to the presence of hydroxyl (OH) groups remaining from the wet oxidation process, subsequent adsorption of moisture, and possible hydroxide phase components.6 The presence of OH groups in the oxide SH of Figs. 1-3 is confirmed by the FTIR transmission spectra shown in Fig. 4 ), the OH harmonic should result in loss in oxidized AlGaAs at 1.55, but not 1.3 pm. The losses measured on the waveguide in Fig. 3 would yield less than 0.1~o absorption in normal incidence thin-film transmission measurements even on this relatively thick (2.3 pm) film, and are thus not evident at 1.55 pm (6452 cm-l) and 1.3 ,um (7692 cm-l) in Fig. 4 .
Loss measurements were also attempted at 1.=633 and 830 nm, but the attenuation was too rapid for the technique of Fig. 3 which cannot reliably measure losses above about 7 cm-] (30 dB/cm). We calculate that some of the loss at these wavelengths (-0.5 and -2.6 cm-l, respectively) is attributed to absorption of the evanescent wave in the GaAs substrate, and could be avoided by use of a slightly thicker bottom cladding layer. Assuming no absorption loss at 1.3 pm according to the FTIR data of Fig. 4 , the scattering loss at 830 nm should lie between 7.4 and 17.9 cm-l, as projected using interface scattering theory9 and Rayleigh's law, respectively. It is well known that at a rough interface, scattering loss is higher for higher index contrasts. Lower scattering losses should result from the addition of an oxide upper cladding layer. We have also studied oxidization of an AIIGal..#s DH waveguide, described above, designed to have a single mode both before and after oxidation. It might be desirable to integrate a transparent oxide waveguide with an active semiconductor laser or amplifier for integrated optics appli- cations: One motivation is the possibility of realizing a monolithically pumped E#-doped native oxide source or amplifier for 1.55 pm telecommunications applications, as AIGaAs native oxides appear to be better hosts than unoxidized semiconductors for optically active rare-earth dopants. 12 The TE-polarization near field intensity profiles imaged on a linear charge-coupled device (CCD) array are shown in Fig. 5 , demonstrating waveguiding in the DH before and after complete oxidation. The measured full width at half-maximum (FWHM) at 2=1.0 pm is 0.9 pm before and 2.1 pm after oxidation.
For our imaging optic @3. 1 mm, 5 mm diameter (D) molded aspheric lens), the Airy diffraction "blur" radius at 1=1.0 pm is~1.221$/D=O.76 pm at the first zero (0.32 pm at FWHM); diffraction effects thus prevent direct measurement of the actual mode dimensions. Simulated intensity FWHMS at +1.0 #m are 0.34 pm and 0.73 pm using respective core/cladding indices for the semiconductor and oxide DH of 3.369/3.125 and 1.607/1.543. The inset in Fig. 5 shows that the transmission through the 1.8 mm long oxidized waveguide (measured using a tunable Ti:Sapphire laser) abruptly cuts off below around 900 nm, the approximate start of the GaAs band edge absorption tail, 13 indicating an inadequate lower cladding layer thickness to prevent substrate absorption.
In comparison, the unoxidized waveguide has adequate mode confinement and is transparent to <810 nm (the limits of our tuning range).
We have recently shown that a -2X larger index contrast (zln20. 12) results if a small amount of oxygen (2300 ppm) is present in the water vapor carrier gas (ultra high purity N2) during oxidation.b This behavior is attributed to a transition from a hydroxide to a denser, more stable (Al,GaJOJ oxide phase, and promises to yield lower loss, higher confinement native oxide waveguides. Confinement in a single-mode oxide DH can also be improved by increasing the core thickness at the expense of supporting a second mode in the unoxidized structure. Finally, we note that even with their rather large thicknesses (up to 2.3 pm), our oxide films appear uniform, specular, and mechanically for AJ,Ga,..As DH single mode waveguide before and after complete oxidation, The structure (shown in inset) was oxidized at 492 "C for 98 minutes. An inset plot is shown of the relative oxide waveguide transmission measured near 9013rrm, where the onset of attenuation by substrate absorption occurs, stable.
Cleaving facets in the amorphous oxide DH is problematic, but large regions of apparently good facet quality are achieved by standard cleaving techniques. Cleaving after oxidation may be avoidable with an appropriate integration process.
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